The fiber dissection technique involves peeling away the white matter tracts of the brain to display its three-dimensional anatomic organization. Early anatomists demonstrated many tracts and fasciculi of the brain using this technique. The complexities of the preparation of the brain and the execution of fiber dissection have led to the neglect of this method, particularly since the development of the microtome and histological techniques. Nevertheless, the fiber dissection technique is a very relevant and reliable method for neurosurgeons to study the details of brain anatomic features. METHODS: Twenty previously frozen, formalin-fixed human brains were dissected from the lateral surface to the medial surface, using the operating microscope. Each stage of the process is described. The primary dissection tools were handmade, thin, wooden spatulas with tips of various sizes. RESULTS: We exposed and studied the myelinated fiber bundles of the brain and acquired a comprehensive understanding of their configurations and locations. CONCLUSION: The complex structures of the brain can be more clearly defined and understood when the fiber dissection technique is used. This knowledge can be incorporated into the preoperative planning process and applied to surgical strategies. Fiber dissection is time-consuming and complex, but it greatly adds to our knowledge of brain anatomic features and thus helps improve the quality of microneurosurgery. Because other anatomic techniques fail to provide a true understanding of the complex internal structures of the brain, the reestablishment of fiber dissection of white matter as a standard study method is recommended.
T he segmental and compartmental occurrence of lesions within the central nervous system was emphasized by the senior author (MGY) in his publication Microneurosurgery (40) (41) (42) . The importance of neuroanatomic laboratory training to learn in detail the cisternal, vascular, and gyral anatomic features and the construction of the white matter, which consists of six compartments and a complex connective fiber system, was stressed (42) . A special freezing and dissection technique was developed by Joseph Klingler at the Institute of Anatomy in Basel, Switzerland, in the 1930s ( Fig. 1) (19, 20, 23) . This technique was learned by the senior author (MGY) in the 1950s (Fig. 2) (15) . The knowledge gained from this technique was applied to all of his routine microneurosurgical procedures (40) (41) (42) . The junior author (UT) developed a great interest in this field while visiting the Department of Neurosurgery, University Hospital, in Zü rich, Switzerland, in the 1990s and has since revitalized the dissection technique for connective fibers (36, 37) . The intention of this report is to stimulate the young generation of neurosurgeons to acquire proficiency in fiber dissection and to become experts in surgical neuroanatomic features.
The white matter of the brain consists of myelinated bundles of nerve fibers known as fascicles or fiber tracts. These nerve fibers are divided into three groups, i.e., association, commissural, and projection. Association fibers interconnect neighboring and distant cortical regions within the same hemisphere and are composed of short and long fibers. Arcuate fibers are short association fibers that connect neighboring gyri of the hemispheres. The main long association fibers are the cingulum, the uncinate fasciculus, the occipitofrontal fasciculus, and the superior and inferior longitudinal fasciculi. The cingulum extends from the subcallosal area, continues posteriorly over the dorsal surface of the corpus callosum within the cingulate gyrus as it arcs down around the splenium, and then curves anteriorly into the white matter of the parahippocampal gyrus. The uncinate fasciculus connects the frontal and temporal lobes of the brain, running caudally through the white matter of the frontal lobe, sharply curving ventrally at the limen insula region, and then fanning out to reach the cortex of the anterior portion of the superior and middle temporal gyri (5, 13, 20, 23, 29, 39) . The occipitofrontal fasciculus connects the frontal and occipital regions as it passes through the insula and temporal lobe (37) . The superior longitudinal fasciculus connects the frontal, parietal, occipital, and temporal lobes around the sylvian fissure. The inferior longitudinal fasciculus is located along the whole length of the temporal and occipital lobes, in part parallel with the temporal horn of the lateral ventricle. The inferior longitudinal fasciculus is a sagittal fiber system that extends into the depths of the fusiform (lateral temporo-occipital) gyrus (5, 13, 20, 23, 29, 39) .
The commissural fibers cross the midline and interconnect matching regions of the two hemispheres. These fiber bundles include the corpus callosum, the anterior commissure, and the hippocampal commissure. The corpus callosum is the major commissural nerve fiber bundle located at the floor of the interhemispheric fissure; it interconnects the hemispheres, with the exception of the temporal pole region, which the anterior commissure interconnects. The hippocampal commissure interconnects the right and left fornix bundles beneath the posterior portion of the corpus callosum (5) .
Projection fibers connect the cerebral cortex with the brainstem and spinal cord. These radiating projection fibers form the corona radiata and, near the rostral part of the brainstem, they form a compact band of fibers known as the internal capsule, which is medial to the lenticular nucleus and lateral to the caudate nucleus and thalamus (5, 13, 20, 23, 29, 39) .
The fiber dissection technique reveals the three-dimensional relationships among the association, commissural, and projection fibers of the brain. This information is invaluable to surgeons performing dissections within the brain parenchyma. This technique, which involves peeling away the white matter tracts to display the internal anatomic organization of the brain, was the first method that provided physicians with a true appreciation of the three-dimensional features of the brain. As early as the 17th century, this technique was used to demonstrate many tracts and fasciculi (1, 3, 4, 7, 10, 11, 22, 25, 28, 30, (32) (33) (34) 38) . Since the development of the microtome and histological techniques, however, fiber dissection has been neglected. Klingler and colleagues (19, 20, 23) cultivated an interest in the fiber dissection technique and developed an improved method of brain fixation that now bears Klingler's name (Fig. 1) . Despite the development and application of more modern techniques, however, we have failed to improve our understanding of the relationships, course, and connections of the fibers of the brain white matter. This report aims to describe the procedures for this technique, as well as to encourage its revival and promote further study.
MATERIALS AND METHODS
Twenty previously frozen, formalin-fixed, human brains were dissected from the lateral surface to the medial surface in a stepwise fashion, under the operating microscope, using the fiber dissection technique (19, 20, 23) . The brains were ob- tained from fresh autopsy specimens (maximum of 12 h after death) and were fixed in a 10% formalin solution for at least 2 months. The basilar artery was ligated and used to suspend each brain in the formalin solution, so that the brain would maintain its normal contours. After 2 months, the pia mater, arachnoid membrane, and vessels of the specimens were carefully removed, using the operating microscope. The brains were washed under running water for several hours to remove the formalin, drained, and refrigerated for 1 week at a temperature of Ϫ10°to Ϫ15°C. Before dissection was initiated, the brains were immersed in water and allowed to thaw. The dissection was performed with the aid of the operating microscope, using ϫ6 to ϫ40 magnification.
Klingler and colleagues (19, 20, 23) recommended freezing the specimens before dissection, because they thought that the formalin solution did not fully penetrate the myelinated nerve fibers and was observed at higher concentrations between the fibers. When the specimens are frozen, formalin ice crystals form between the nerve fibers, expanding and separating them. The freezing process facilitates the dissection of fine fiber bundles in particular.
Our primary dissection tools were handmade, thin, wooden spatulas with tips of various sizes. The soft wooden spatulas peel away the fiber bundles along the anatomic planes. After dissection has begun, the study may be interrupted overnight or longer, provided that the specimen is maintained in 5% formalin solution between dissection sessions. If dissection is postponed for 1 month or more, it is recommended that the specimen be frozen for at least 12 hours and then thawed, as already described, before the study is recommenced.
A requirement for performing the fiber dissection technique is a thorough knowledge of the gross anatomic features of the brain, which can be gleaned from the available landmark atlases that explain in three-dimensional terms the positions of the inner structures of the brain (10, 19-21, 23, 29, 31, 33) . Without this fundamental knowledge, the fine structures of the brain can be inadvertently destroyed during fiber dissection. Before dissection is begun, the course and any variations of the sulci and gyri should be studied.
RESULTS
Dissection begins at the lateral surface of the cerebral hemisphere (Fig. 3) . The superior temporal sulcus is a convenient location to begin serial dissections of the lateral aspect of the cerebral hemisphere. The superior temporal sulcus is opened and the cortex is peeled away to expose the underlying white matter. The difference in consistency between the gray and white matter allows differentiation between the two tissue types. Removal of the cortex uncovers the arcuate fibers, which connect the adjacent gyri of the brain. The arcuate fibers are short association fibers of the hemispheres located immediately beneath the cerebral cortex. The majority of the arcuate fibers on the lateral surface of the brain are revealed by dissection of the cerebral cortex. This sequence of dissection is to delineate the superior longitudinal (arcuate) fasciculus just beneath the arcuate fibers. Careful removal of the arcuate fibers of the temporal, parietal, and frontal lobes reveals the superior longitudinal fasciculus around the sylvian fissure and insula (Fig. 4) . This fasciculus of long association fibers connects the frontal, parietal, occipital, and temporal lobes, presents as a C-shape, and is located deep to the middle frontal gyrus, inferior parietal lobule, and middle temporal gyrus. At this point, the fronto-orbital, frontoparietal, and temporal opercula can be easily lifted to expose the hidden part of the cortex (the insula and the medial surfaces of the opercula). Removal of the fronto-orbital, frontoparietal, and temporal opercula reveals the superior longitudinal fasciculus and the insula.
The insula is composed of the invaginated portion of the cerebral cortex that forms the base of the sylvian fissure. Total removal of the insular cortex reveals the extreme capsule. The outer layer of the extreme capsule is composed of the arcuate fibers that connect the insula with the opercula in the region of the peri-insular (circular) sulci (Fig. 5) . Removal of the extreme capsule reveals the claustrum in the region of the insular apex and the external capsule apparent at the periphery of the claustrum (Fig. 6) . The claustrum is a thin, vertically placed lamina of gray matter that is parallel to the putamen. The deeper portion of the extreme capsule and the external capsule consist of fi- 
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bers of the occipitofrontal and uncinate fasciculi. These fiber bundles are located beneath the basal portion of the insular cortex. The uncinate fasciculus is composed of association fibers of the frontal and temporal lobes that pass through the limen insula and connect the fronto-orbital cortex to the temporal pole. The occipitofrontal fasciculus is a long association fiber bundle that connects the frontal and occipital lobes as it passes through the basal portion of the insula, immediately superior to the uncinate fasciculus. There is no exact delineation between the uncinate and occipitofrontal fasciculi. Both fasciculi form a double fan connected by a narrow isthmus deep to the limen insula.
In fact, both fasciculi are incorporated in the same bundle in the region of the limen insula.
The external capsule is a thin lamina of white substance that separates the claustrum from the putamen. It is joined to the internal capsule at both ends of the putamen and forms a capsule of white matter external to the lenticular nucleus. The external capsule consists mostly of deeper fibers of the occipitofrontal fasciculus. Removal of the inferior aspect of the superior longitudinal fasciculus exposes the entire posterior portion of the occipitofrontal fasciculus. Further dissection of the uncinate and occipitofrontal fasciculi (external capsule) reveals the putamen, which is composed of gray matter substance (Fig. 7) . The putamen has a spongy consistency, enabling differentiation from the firmer globus pallidus. At this stage, a suction system can gently remove the putamen and reveal the globus pallidus and the internal capsule at its periphery (Fig. 8) . With higher magnification, the strionigral fibers that pass through the globus pallidus can be identified. These fibers connect the putamen and caudate nucleus to the substantia nigra. The caudolenticular gray matter that passes through the internal capsule and connects the caudate and putamen can also be identified.
The firmer globus pallidus is excavated to reveal the entire internal capsule and the lateral extension of the anterior commissure (Fig. 9) . Removal of the globus pallidus requires skill and patience, to prevent damage to the anterior commissure and the ansa peduncularis. The lateral extension of the anterior commissure passes through the basal portion of the globus pallidus, perpendicular to the optic tract and medial to the uncinate fasciculus, to the temporal pole region. The lateral extensions of the anterior commissure are severed and followed into the temporal lobe. Some fibers of the anterior commissure merge with the uncinate fasciculus at the temporal pole, but most fibers are directed posteriorly and eventually merge with the occipitofrontal fasciculus to form the sagittal stratum. Removal of the lateral extension of the anterior commissure and the remainder of the uncinate fasciculus reveals the ansa peduncularis and the optic chiasm. The ansa peduncularis is a complex fiber bundle that curves around the medial edge of the internal capsule and is located within the anterior perforated substance, inferior and parallel to the anterior commissure. It is composed of the amygdaloseptal, amygdalohypothalamic, and amygdalothalamic fibers. The amygdaloseptal fibers comprise the diagonal band of Broca, which is the extension of the indusium griseum and paraterminal gyrus that connects with the amygdala. The amygdalothalamic fibers are also termed the pedunculus thalami extracapsularis. The remainder of the superior longitudinal fasciculus is dissected away, to reveal the entire corona radiata (Fig. 10) . The sagittal stratum consists of the occipitofrontal fasciculus, the posterior thalamic peduncle (which contains the optic radiation), and the fibers of the anterior commissure (23) .
The next step is to dissect the basal surface of the brain. Removal of the semilunar gyrus reveals the cortical nucleus of the amygdala. The amygdala and the anterior two-thirds of the hippocampus and parahippocampal gyrus are dislodged 
from the prepiriform sulcus and from between the choroidal fissure and the collateral sulcus. The connections between the amygdala and the diagonal band of Broca, the globus pallidus, and the tail of the caudate nucleus can be observed during this dissection. The tail of the caudate nucleus is located on the medial aspect of the roof of the temporal horn, just beneath the ependyma and extending to the amygdala. Removal of the ependyma from the roof of the temporal horn exposes the tail of the caudate nucleus, the inferior thalamic peduncle, and the temporopontine fibers. The inferior thalamic peduncle and the temporopontine fibers are composed of the sublentiform portion of the internal capsule. After total removal of the ependyma of the lateral wall and the roof of the temporal horn, the tapetum of the corpus callosum becomes visible. The tapetum, which is a subgroup of callosal fibers in the splenial region, forms the roof and lateral wall of the atrial portion of the lateral ventricle and sweeps around the temporal horn, thereby separating the fibers of the posterior thalamic peduncle from the temporal horn. The tapetum curves anteriorly into the temporal lobe, extending almost to the tip of the temporal horn just lateral to the tail of the caudate nucleus. Removal of the inferior thalamic peduncle, the temporopontine fibers, and the anterior extension of the tapetum reveals the posterior thalamic peduncle, which consists of the optic radiation. The optic radiation (geniculocalcarine tract) is one of the most complex fiber systems in the human brain. In our opinion, it is often confused with the occipitofrontal, occipitopontine, and temporopontine fibers and with the inferior and posterior thalamic peduncles. Fibers of the tapetum and the anterior commissure are also involved in this problem of false identification. As mentioned previously, the posterior thalamic peduncle includes the optic radiation, but it is almost impossible to clearly demonstrate the actual fibers that comprise the optic radiation (Fig. 11) . We also observed that the fibers of the optic radiation extend just posterior to the lateral geniculate nucleus, from the pulvinar thalami to the primary visual cortex in the calcarine region. We think that the classic description of the optic radiation reported by Meyer (27) is incomplete and that further investigation is necessary for an understanding of this complex structure.
Removal of the fibers of the posterior thalamic peduncle exposes the occipitopontine fibers, which belong to the retrolentiform portion of the internal capsule. The course of the occipitopontine fibers is similar to, and can easily be confused with, that of the optic radiation. However, we have observed that the occipitopontine fibers do not extend from the lateral geniculate body or the pulvinar but enter the posterolateral portion of the cerebral peduncle, through which they proceed to the pontine nuclei.
The last stage of dissection reveals the extension of the fibers of the cerebral peduncle to the pons and medulla oblongata. The transverse pontine fibers are dissected from the pontomesencephalic sulcus, and the fibers of the cerebral peduncle can be followed to the pons, where they interdigitate with the transverse pontine fibers, which connect the pontine nuclei with the middle cerebellar peduncle. The fibers of the frontopontine tract are located in the anterior one-third of the cerebral peduncle. The fibers of the pyramidal tract, located in the middle portion of the cerebral peduncle, extend down to the pons as a series of bundles; in the medulla oblongata, they merge to form the pyramids. The occipitopontine and temporopontine tracts are located in the posterior one-third of the cerebral peduncle and extend to the middle cerebellar peduncle. The optic tract extends to the lateral geniculate body around the cerebral peduncle. Removal of the optic tract exposes the connection between the internal capsule and the cerebral peduncle of the midbrain. At this stage of dissection, corticospinal fiber tracts that extend from the corona radiata to the internal capsule and cerebral peduncle and pass through the pons to the medulla oblongata are observed (Fig. 12) . 
DISCUSSION
Dissection following fiber tracts of the white matter of the brain, to illustrate the internal structures, was the first technique that allowed a true appreciation of the threedimensional features of the brain. This technique, which is older than the use of histological sections, involves peeling away the white matter tracts of the brain to display its anatomic organization. The fiber dissection technique was one of the first methods used to demonstrate the internal structures of the brain.
Before the development of the microtome and histological techniques, some early anatomists demonstrated many tracts and fasciculi of the brain using this technique. French anatomist Raymond Vieussens (1641-1715) reintroduced the fiber dissection technique, which had been used in the second half of the 17th century by Thomas Willis (1621-1675) and Nicholaus Steno (1638-1686) (24, 38) . Vieussens described the fiber dissection technique in detail and in 1685 produced a brain atlas based on this technique (Neurographia Universalis) (38) . As judged by modern standards, his specimens seem inferior and the drawings are poor (Fig. 13) . Nevertheless, Vieussens is credited with the first description of the pyramids, the inferior olive, the centrum semiovale, and the semilunar ganglion. Following the general method of Constanzo Varolio (1543-1575), Vieussens made some of the first successful attempts to elucidate the internal structures of the brain, demonstrating the continuity of the corona radiata, the internal capsule, the cerebral peduncle, and the pyramidal tracts of the pons and medulla oblongata. He stated,
The white substance of the brain, which herein I shall sometimes call medullary substance and sometimes medulla, is composed of innumerable, connected fibers divided up into many bundles. It appears clearly when the white substance is boiled in the oil, for then it can be readily separated out into the innumerable fibers that, as I said, form it when connected together. So long as these fibers are in their natural site they are so close to one another that there is no perceptible space between them and they constitute a continuous body, just as the fibers within a wooden staff may be separable from one another, but compose a continuous body, that is, the staff (38) . No similar study appeared in the literature for more than 100 years. In 1802, Sir Charles Bell (1774-1842), an anatomist and surgeon in Edinburgh, published his brain atlas (3). Having uncommon artistic ability, he illustrated his anatomic publications with his own engravings (Fig. 14) . In 1810, Johann Christian Reil (1759-1813), a German psychiatrist and neuroanatomist, published an atlas that demonstrated the internal structures of alcohol-fixed brains, as determined using the fiber dissection technique (Fig. 15) (32) . Reil revealed the tapetum and the optic radiation. His use of alcohol to preserve and harden the brain was a landmark in the history of neuroanatomy. Franz Joseph Gall (1758-1828) and his student J.C. Spurzheim (1776-1832), from Vienna, were the first to demonstrate that the trigeminal nerve was not merely attached to the pons but sent root fibers as far as the inferior olive in the medulla (11) . In addition, they confirmed, with absolute certainty, the medullary decussation of the pyramids. Their anatomic studies, published in 1810, contained several illustrations of good dissections, the best of which demonstrated the corona radiata and the internal capsule from the lateral aspect (11) .
In 1827, English anatomist Herbert Mayo, who was a student of Bell, published a book that included several of the best illustrations of dissected brains available at that time ( Fig. 16 ) (25) . He demonstrated the corona radiata, internal capsule, superior and inferior cerebellar peduncles, fasciculus uncinatus, fasciculus longitudinalis superior, outer surface of the lenticular nucleus, tapetum, mamillothalamic tractus, and anterior commissure. Two years later, the Italian anatomist Luigi Rolando (1773-1831) was the first to accurately portray the cerebral sulci and convolutions, including the central sulcus, which bears his name (34). His atlas contained several drawings of dissected brains. Rolando described and illustrated the continuity of fibers, starting with the medial olfactory stria and proceeding through the subcallosal area and cingulate and parahippocampal gyri, forming a nearly complete circle, and ending in the uncus (Fig. 17) . In 1838, German anatomist Friedrich Arnold (1803-1890) first demonstrated the frontopontine tract (known as Arnold's tract), which extends from the frontal cortex through the anterior limb of the internal capsule, via the medial part of the cerebral peduncle, to the pons (1). In 1844, German anatomist and physiologist Karl Friedrich Burdach (1776-1847) demonstrated, using the fiber dissection technique, and named the cuneate fasciculus of Burdach (4) . The same year, French neurologist Achille L. Foville (1799-1878) produced a major work on the nervous system, accompanied by an atlas that illustrated many admirable dissections (10). Although not well known, his atlas is probably the most accurate, the most artistic, and the highest quality publication in the neuroscience literature (Fig. 18) . Italian anatomist Bartholomeo Panizza (1785-1867) demonstrated the visual pathway from the eye to the occipital cortex, using the fiber dissection technique, in 1855 (30) . In 1857, French anatomist Louis Pierre Gratiolet (1815-1865), collaborating with his teacher and friend Francois Leuret (1797-1851), published an atlas that depicted fiber-dissected brains (Fig. 19) (22) . Gratiolet also identified the optic radiation (ini- tially called Gratiolet's radiation), from the lateral geniculate body to the occipital cortex, in detail. In 1872 in Vienna, Theodor H. Meynert (1833-1892), a professor of neurology and psychiatry, refined the relatively crude division of fiber systems of the brain introduced by Gall and, for the first time, used the terms "association" and "projection" fibers in their modern sense (28) . His studies of human brains convinced him that the corpus callosum consists primarily of decussating cortical fibers, which course downward to the basal ganglia. Meynert also described the habenulointerpeduncular tract or fasciculus retroflexus (Meynert's bundle). In 1895, French neurologist Joseph J. Dejerine (1849-1917) described the occipitofrontal fasciculus (7). Our study, however, demonstrated that the location he described for this structure was inaccurate (37) . In 1896, Swedish anatomist and anthropologist Magnus G. Retzius (1842 Retzius ( -1919 was the first to use photographs to illustrate brain dissections (33) .
Because the fiber dissection technique is complicated and time-consuming, its neglect was almost inevitable after the development of the microtome and histological techniques. In the early part of the 20th century, a few anatomists preferred fiber dissection for study of the anatomic features of the brain (6, 14, 17, 18) . In 1909, E.J. Curran located and described the inferior occipitofrontal fasciculus (6) . In 1929, the Swedish anatomist J.W. Hultkrantz published an atlas with illustrations of fiber-dissected brains and described his technique (16) . Joseph Klingler (1888 Klingler ( -1963 , an anatomist in Basel, made the greatest contribution to the fiber dissection technique (19, 20, 23) . In 1935, he developed an improved method of brain fixation and a technique that now bears his name (Klingler's technique) (19) . Like others, he dissected formalin-fixed brains with wooden spatulas; however, he froze and thawed the brains before dissection. Freezing helps by separating the fibers. His superb atlas on fiber dissection, containing detailed anatomic studies of the brain, was published in 1956 ( Fig. 1 ) (23) . Although his studies were impressive, this technique never became widely used (2, 12, 35) . Illustrations of the internal structures of the brain in current textbooks are usually pictures of sections or schematic drawings. Only a few fiber dissections from earlier textbooks are still reproduced (5, 13, 31, 39) .
White matter fibers are difficult to follow using histological techniques, and few facts have been assembled regarding the relationships, courses, and connections of these fibers. Available descriptions, which provide a fairly complete account of these connections, are based largely on experimental studies in subhuman primates and are not necessarily applicable to human subjects (29, 39) . While examining the white matter of the brain, we realized that current descriptions of the anatomic features are inadequate. For example, we are now aware that the superior occipitofrontal fasciculus, which was known as a bundle of association fibers located between the corpus callosum and the caudate nucleus, connecting the frontal and occipital lobes, does not exist (37) . We think, therefore, that detailed studies using the fiber dissection technique have the potential to reveal many interesting findings, which will increase our knowledge and enhance microneurosurgical techniques. We are aware that our comprehension of the detailed and gross anatomic connections of the human brain is incomplete. For example, we continue to base our understanding of the optic radiation on the classic description provided by Meyer (27) , although we already know that this description is far from adequate and requires further study (8, 9) .
Our contribution to improving the technique of fiber dissection involves the use of the operating microscope to study the details of the fiber systems (36, 37) . However, the technique is limited because the fibers of the brain have complex relationships. The demonstration of one fiber system often results in the destruction of other fiber systems. Combining histological techniques with the fiber dissection technique could improve our understanding and prevent misinterpre- Fiber Dissection Technique tation of the complex anatomic features of structures. The advantages of the individual techniques would complement each other and eliminate the disadvantages. The revival of the fiber dissection technique and its incorporation into neurosurgical education, especially as preparation for treating patients with intrinsic brain tumors, arteriovenous malformations, or epilepsy, should be considered.
